Background: Isometric handgrip resistance exercise, a nonpharmacological lifestyle modification, has been recommended as a first-line treatment for hypertension. This study aimed to examine the relationship of handgrip strength to blood pressure and the risk of hypertension.
Current national and international guidelines for prevention of hypertension recommend that adults perform muscle strengthening activities 2 or more days a week to obtain at least 150 min/week of moderate-intensity or perform 75 min/week of vigorous-intensity aerobic physical activity [5] [6] [7] [8] . Evidence indicates that isometric resistance training is an effective exercise modality to lower resting BP in both normotensive and hypertensive populations [9] [10] [11] [12] . The handgrip strength test, a quick and inexpensive way to measure an individual's muscle strength, is verified to be a satisfactory indicator of resistance training in an epidemiological study [13] [14] [15] .
Although most evidence indicates that greater handgrip strength is associated with lower BP [16] [17] [18] [19] , some of them are limited to small sample size studies [19] . And other studies did not find this association [20, 21] . In contrast, in the oldest old persons, higher BP was found to be associated with greater handgrip strength [22] . Dong [14] and Diez-Fernandez [23] suggested that the effect of strong handgrip strength was mediated by body mass index (BMI). However, after adjustment for BMI, strong handgrip strength was still associated with higher, not lower, adolescent BP [14] . Analysis of the association between handgrip strength and BP adjusted for BMI in a large-scale population is relatively scarce.
Therefore, using a representative sample from the database of the National Health and Nutrition Examination Survey (NHANES) 2011-2012 and 2013-2014 survey participants aged ≥18 years old, we examined the association between handgrip strength and BP in adults after stratifying by, or adjusting for, age, sex and BMI. This study may have important implications for hypertension intervention measures.
Methods

Participants and samples
The NHANES is a cross-sectional study that examines the health and nutrition of children and adults in the United States. It collects data about demographics, health and health behaviors. NHANES uses a complex stratified, multistage, probability cluster sample designed to represent the U.S. population with respect to age, sex and race [24, 25] .
Handgrip dynamometer assessment was recently included in NHANES. Handgrip strength data is available in the 2011-2012 and 2013-2014 survey cycles. Handgrip strength data from the participants aged ≥18 years old who participated in these survey cycles were analyzed in this study. Written informed consent was obtained from all the participants. The NHANES protocol was reviewed and approved by the National Center for Health Statistics Research Ethics Review Board.
Anthropometry
Height was measured to the nearest 0.1 cm using a digital stadiometer connected to an acrylic headpiece that interfaced directly with the Integrated Survey Information System (ISIS) anthropometry software application. Weight was measured in kilograms used a digital weight scale. BMI was calculated as weight in kilograms divided by height in meters squared (kg/m 2 ), which was categorized as underweight, normal, overweight and obese according the NIH criteria [26] .
Blood pressure BP measurements were taken during the NHANES oneexamination visit. All participants sat all the way to the back of the chair to keep the spine straight and rested quietly for 5 min prior to BP measurement. The arm was bare and unrestricted by clothing with the palm of the hand turned upward. The elbow slightly flexed and positioned so that the midpoint of the upper arm was at the level of the heart. Three consecutive BP readings were obtained by the auscultatory or oscillatory method. If a BP measurement was interrupted or incomplete, a fourth measurement was performed. All BP determinations (systolic and diastolic) were performed in the NHANES mobile examination center. Hypertension was defined as resting BP persistently at or above 140/ 90 mmHg according to the international standard [27] .
Handgrip strength
Handgrip strength, as an indicator of muscle strength, was evaluated using a handgrip strength test according to the recommendations of the Institute of Medicine [28] . Takei Digital Grip Strength Dynamometer, Model T.K.K.5401 (Takei Scientific Instruments Co., Niigata, Japan) was used for all muscle strength assessments. Each hand was tested three times, alternating hands with a 60-s rest between measurements on the same hand. Before measurement of handgrip strength, the dynamometer was adjusted to participants' hands size, until the second joint of the index finger was at a 90-degree angle to the handle. The placements of the handle were marked for each hand at the same time. Participants stood straight with the feet hip with apart and arms fully extended along side of thigh with palms facing the thigh. The hand, which was in line with the wrist and forearm, performed a quick, maximally hard squeeze of the handle. The complete handgrip strength testing protocol is described in NHANES muscle strength procedures manual.
Statistical analysis
Descriptive characteristics were expressed as mean ± standard deviation (SD) for continuous variables and as frequency with percentage for categorical variables.
Baseline characteristics between men and women were compared using t test and chi-square test.
To avoid the potential bias effect of body weight on the estimation of handgrip strength, relative handgrip strength [handgrip (kg)/body weight (kg)] was calculated to assess the handgrip strength. This adjustment was based on standard assumptions about morphological effects [13] . Because distribution of handgrip strength, SBP and DBP varied by age and sex, these parameters were transformed into sex and age specific SD scores (z-scores) in the analysis of the association between handgrip strength and risk of hypertension by binary logistic regression (z-score = (value − mean)/SD) [29] . Pearson correlation test, partial correlation and linear regression analysis were used to analyze the relationships between handgrip strength, BMI, SBP and DBP. Binary logistic regression was used to analyze the association between handgrip strength and prevalence of hypertension.
Results
Baseline characteristics of the study participants are shown in Table 1 . Our study included 4597 participants; mean age was 47.4 ± 18.3 years. Compared with women, men had higher height, weight, BMI, handgrip strength, SBP and DBP. However, the gender-related difference in hypertension prevalence was not significant.
The relationships of handgrip strength with BMI, SBP and DBP were analyzed using a separate Pearson correlation test for each pair of variables. In all participants, higher handgrip strength was correlated with lower SBP (r = − 0.084, P < 0.01), DBP (r = − 0.034, P < 0.05) and BMI (r = − 0.691, P < 0.01). BMI was positively correlated with SBP and DBP (both, P < 0.01). The similar results were observed in women. In men, higher BMI was also correlated to higher SBP and DBP (both, P < 0.01); however, handgrip strength SBP and DBP were not significantly correlated with each other.
While controlling for BMI in partial correlation tests, handgrip strength increased with SBP (r = 0.033, P < 0. 05) and DBP (r = 0.094, P < 0.01) in all subjects. The similar correlations were observed in men. However, in women handgrip strength was only positively correlated to DBP.
The associations between BP and handgrip strength, based on linear regression models, are shown in Additional file 1: Table S1 and Table S2 . SBP was positively associated with handgrip strength (1 SD higher increase in handgrip strength was related to 0.065 SD higher SBP, P < 0.01) in men after adjusting for age and BMI (model 2). After also adjusting for smoking and drinking status (model 3), the regression coefficient changed minimally; however, the association was no longer significant (P = 0.062). Significant association was also observed between SBP and unadjusted handgrip strength in women (model 1). However, in women, no significant associations were founded between handgrip strength and SBP in adjusted models 2 and 3. Higher handgrip strength was significantly associated with higher DBP in men: One SD increase in handgrip strength was related Difference between men and women was significant using chi-square test BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure to 0.165 SD higher in DBP in men after adjusting for age and BMI, P < 0.01 (model 2). In men, after also adjusting for smoking and drinking, one SD increase in handgrip strength was related to 0.155 SD higher DBP (model 3). In contrast to the lack of association between handgrip strength and SBP in women, DBP was significantly association with handgrip strength in women. Unadjusted handgrip strength was negatively associated with DBP (model 1). After adjusting for age and BMI, one SD increase in handgrip strength in women was related to 0.096 SD higher DBP (model 2) and 0.081 SD higher in DBP after also adjusting for smoking and drinking status (model 3). Table 2 shows the association between handgrip strength and hypertension, stratified by gender; binary logistic regression was used to estimate the odds ratio (OR) of handgrip strength for the risk of hypertension. Unadjusted handgrip strength was not associated with risk of hypertension in men (model 1). After adjusting for age and BMI (model 2) and smoking and drinking status addition (model 3), significant associations were observed: ORs were 1.229 (95%CI: 1.036-1.458) and 1. 241 (95%CI: 1.038-1.484), respectively. No significant associations between handgrip strength and hypertension were observed in women.
Although participants were first categorized by the international classification of adult underweight, normal, overweight, and obesity according to BMI value, to perform BMI-stratified analysis of the association between handgrip strength and hypertension these four weight categories were combined into Underweight & Normal (BMI < 25) and Overweight & Obese (BMI ≥25) groups to categorize all participants into two BMI strata. Table 3 shows the association in men between handgrip strength and hypertension risk stratified by these weight groups. No significant associations were observed in the normal/ underweight group. In the overweight/obese group, unadjusted handgrip strength was not associated with hypertension risk (model 1). After adjusting for age and BMI, the association between handgrip strength and hypertension was significant (P < 0.05, model 2); the OR was 1.288 (95%CI: 1.041, 1.594). After adjusting also for smoking and alcohol status, this association did not changed (P < 0.05, model 3); the OR was 1.311 (95%CI: 1.053, 1.631). In women, similar to the results in Table 2 , no significant associations were found between handgrip strength and hypertension risk (Table 4) .
Discussion
The present study revealed that handgrip strength was positively and significantly associated with DBP in men and women. There were no significant associations between handgrip strength and SBP in women. Handgrip strength appears to increase the risk of hypertension in men especially for those who were overweight and obese (BMI ≥ 25). However, the same results were not observed in women.
Emerging evidence has demonstrated the effect of isometric handgrip exercise on reducing BP in normotensive and hypertensive populations [30] . Meta-analyses of randomized controlled trials revealed that isometric handgrip training could reduce resting BP [19, 31] . Recent randomized trials also support the same conclusion [16, 17] . Possible mechanisms for these effects include improvements in conduit and resistance due to vessel endothelium dependent dilation, oxidative stress and autonomic regulation of heart rate and BP [30] . However, most of these studies included relatively few subjects, and the exercise trainings were not uniform. Recent studies report variable findings about the association between handgrip strength and BP. A recent randomized controlled trial found that isometric handgrip exercise did not decrease BP [20] . In 2010, Dong et al. [14] conduct a survey of 89,655 adolescents in China aged 13-17 years; their results indicated that strong handgrip strength was associated with increased adolescent BP. Another longitudinal cohort study conducted by Taekema et al. reported that higher BP is associated with greater handgrip strength in the oldest old, aged over 85 years [22] . In their middle-age subjects, BP and handgrip strength were not significantly associated.
The association between BP and handgrip strength in adolescents may be confounded by BMI. Few of these studies adjusted for BMI; such adjustment was suggested, particularly in samples of younger adults [23, [32] [33] [34] . The present study revealed that handgrip strength was positively related to BP, the inverse of this relationship before adjusting for BMI. Moreover, that association did not change after controlling for smoking and drinking status. Similar results were also seen in the association between handgrip strength and risk of hypertension. These findings indicated that handgrip strength was positively associated with BP and the risk of hypertension. Several mechanisms could explain the positive associations between handgrip strength and BP. Peripheral vascular resistance increases with chronological age due to reduced sympatholysis, which results in an elevated sympathetic tone [35, 36] , or vascular resistance increased with morphological changes in the arteriolar network [37] . Another possible explanation is that BP is associated with the age-associated loss of lean mass [38, 39] . In addition, handgrip strength is probably associated with other risk factors for hypertensions, such as metabolic syndrome or cardiovascular disease biomarkers, including triglyceride, HDL, LDL, glycohemoglobin (HbA1c), uric acid, insulin resistance and serum adiponectin levels [40] [41] [42] [43] [44] . Although the exact mechanisms of handgrip strength induced lipids changes and interaction with hypertension remain unclear, several potential hypotheses have been proposed. Adiponectin directly stimulates the activation of muscle autophagy, which could affect the type and size of muscle cells [41] . The association between handgrip strength and metabolic syndrome seemed to be mediated by increasing insulin resistance [42] . Insulin resistance stimulates muscle glucose uptake and increases body fat. A higher percentage of body fat generally translates to a higher rate of appearance of free fatty acids in plasma, which could also induce higher blood pressure [44] . Thus, considering the numerous factors associated with BP and handgrip strength, the mechanism of the relationship between BP and handgrip strip strength has not yet been fully explained; clarification requires further study.
This study had several strengths for studying the association between handgrip strength and BP and risk of hypertension. The National Health and Nutrition Examination Survey (NHANES) is a program of studies designed to assess the health and nutritional status of adults and children in the United States, which examines a nationally representative sample and can be generalized to western populations. Secondly, in this study, handgrip strength was adjusted for age, BMI, and smoking and drinking status. Few studies of handgrip strength are adjusted for body size and composition, although that was suggested in previous studies [45] . A weakness of this study was that simply finding an association between handgrip strength and BP and risk of hypertension does not support a causal relationship because this study used a cross-sectional design. Longitudinal data and clinical trials are needed to clarify whether the relationship between muscle strength and BP and risk of hypertension is causal. Another limitation is that findings based on the NHANES database may not be generalizable to non-western populations; this study needs to be replicated in other populations to better understand the external validity of our findings.
Conclusion
The current study shows that handgrip strength is significantly associated with lower BP. In contrast to most previous reports, this study found that strong handgrip strength was related to increased DBP, and greater handgrip strength was associated with greater the risk of hypertension after adjusting for age, BMI, smoking and drinking status, which were closely related to BP. Further clinical trials and cohort studies from large scale samples are needed to verify these results and explain the possible mechanisms of this relationship. This study may have important relevance for hypertension intervention.
Additional file
Additional file 1: Table S1 . Association between handgrip strength and SBP adjusted for age and BMI stratified by gender. 
